Proteins spontaneously fold into a specific native structure, and thereby function in living cell. If a large protein has metastable structures, it is expected that misfolding occurs. In contrast, for a short part cut out from a large protein, the misfolding is often presumed to be absent. For example, the so-called intrinsically disordered (ID) region is experimentally known to take a fluctuating state. On the other hand, many low energy structures of a short ID region is obtained by the molecular dynamics simulation and therefore the short ID region is expected to exhibit misfolding. The shortness of the ID region may resolve this inconsistency. To shed light on the effect of the shortness, we investigate a short polypeptide into which the simulated structures are embedded as rigid structures by employing the associative memory model. We show that the misfolding occurs even in the short polypeptide because the free energy barriers between the embedded metastable states are sufficiently high. This result indicates that the shortness of the polypeptide is not sufficient to explain the fluctuation observed in the experiment. Therefore we expect that all the simulated structures are not so rigid and the short ID region actually fluctuates largely from these structures.
Introduction
Proteins in physiological conditions spontaneously fold into a specific three dimensional structure, the so-called native structure. The native structure of a protein has been considered to be necessary for the protein function in organisms [1] . The investigation of the protein folding into the native structure has promoted our basic understanding of the protein functions. One of remarkable results was Anfinsen's experimental results [2] that indicated the following protein property: the amino-acid sequence in a protein uniquely determines the native structure.
This result raises the essential question whether the polypeptide of any amino-acid sequence has this property of proteins. The amino-acid sequences in most of the proteins are highly complex and have no regularity such as a periodicity. Therefore one may expect that any random sequences spontaneously fold into a native structure. Much effort had been devoted for solving this question and showed that misfolding almost always occurs [3] . This misfolding is understood by an analogy to the associative memory model with many memories. In fact, long theoretical studies based on the associative memory model have revealed that a random sequence has many metastable states and thereby does not show the expected behavior of proteins. Thus, the protein that always takes the native structure is clearly distinguished from polypeptides of random amino-acid sequences. This fact leads to a hypothesis that the protein has evolved to obtain highly designed interaction to fold into the native structure. This hypothesis has theoretically examined on the basis of various models and becomes established as a principle of minimal frustration of protein interactions today [4] .
The principle of minimal frustration indicates that the energy landscape of a protein structure forms a funnel shape [5] shown in Fig. 1(a) as a result of the evolution of protein. The bottom of the funnel shape corresponds to the native structure. As can easily be seen, the funnel shape leads any initial structures to the native structure during the folding process of a protein and hence explains the spontaneous folding of the protein. Let us consider a random amino acid sequence for comparison. The energy landscape of a polypeptide of a random sequence is expected to take a rugged shape [4] shown in Fig. 1(b) . In this case, the polypeptide is quenched to a structure corresponding to one of the local energy minima. This difference in the energy landscape provides us the simple picture for protein functions: the funnel energy landscape induces a protein function and in contrast the rugged energy landscape only leads to a protein functional disorder.
In reality, this picture is too simple to describe all the protein functions. One of functions out of this picture is the function of the intrinsic disorder [6] [7] [8] . Many proteins consist of both structured regions such as a functional domain and intrinsically disordered (ID) regions such as a loop. Although the structure of the intrinsically disordered regions fluctuates in physiological conditions, many of them have various roles such as movable joint between functional domains. Recently, an ID region of NRSF/REST [9, 10] was found to play an important role in the interaction with another protein [11] . To obtain the structural information of the ID region, a full atomic simulation of the ID region was performed and predicted that it has many low energy structures [12] . This result implies that the ID region has a rugged energy landscape. However, the ruggedness is seemingly inconsistent with the experimental fact that the ID region has a functional role through the fluctuation without being trapped in one low energy state. Therefore, the above picture is oversimplified. A more detailed picture beyond the above simple picture is necessary for explaining this protein function.
A finite size effect has a possibility to explain the fluctuation of the ID region with the rugged energy landscape. That is to say, the shortness of the ID region results in a flat ''free energy'' landscape. This scenario is based on the speculation that the short ID region cannot induce a high free energy barrier which is comparable with the physiological temperature. The absence of the free energy barrier brings about the structural fluctuation and thus the fluctuating state, which is hereafter called ''ID state,'' is realized even with the rugged energy landscape. Since the short ID region of NRSF/REST consists of only 15 residues, the finite size effect is also expected for this ID region. In the present paper, we investigate the free energy landscape of the short ID region to examine the above scenario.
Model and Method
We consider a variant of the Wako-Saitô-Muñoz-Eaton (WSME) model [13] [14] [15] [16] developed by Itoh and Sasai [17] . This model is a structure-base model using the information of metastable structures and therefore is regarded as an associative memory model with those structures. This model consists of a one-dimensional chain of amino-acid residues. To describe the recalling of those structural memories, the following Hamiltonian is introduced
where a is the set of all the inter-residue contacts in a structure a. For the contact between ith residue and jth residue, we define
where for the ith amino acid residue, a dynamical variable m i represents a conformation of the residue and a quenched numberm a;i represents the conformation in the memorized structure a. The symbol m;m 0 denotes the Kronecker delta.
The positive constant q a is the energy gain by a contact in the structure a. The contact between the ith residue and the jth residue in a gains energy only when the conformations of all the residues from ith to jth, namely, m i ; . . . ; m j take m a;i ; . . . ; m a; j , because of the product in Eq. ð2.2Þ. This property of the contact well represents the cooperative structure forming of residues in the protein.
In this work, for simplicity, we only consider the short ID region of NRSF/REST, which consists of 15 residues as mentioned before. We employ the structures of the ID region, a ¼ , , !, and " shown in Figs. 2(a)-2(d) . We choose them in order to reproduce the result in Ref. [12] . For simplicity, we assume all the residues have a unique conformation in these structures and have no conformational entropy. The other structures are taken into account in the (a) (b) Fig. 1 . The schematic viewgraphs of (a) a funnel energy landscape and (b) a rugged energy landscape. The energy is a function of the structure of a protein and the high-dimensional structure space is projected into the bottom two dimensional surface for visibility.
fictitious structure a ¼ 0 in our model. As a result, m i takes the five conformations: 0, , , !, and ". Since the structure a ¼ 0 represents many structures, their entropic effect should be considered. In this model, the entropy is taken into account in the additional entropy term
The probability of a conformation fm i g is proportional to exp½ÀH þ S. Hence the partition function is described by
where ¼ 1=k B T is the inverse temperature, k B is the Boltzmann constant and T is a temperature. This model is much simpler than the molecular dynamics models [19] [20] [21] . Therefore the free energy calculation of proteins, which is difficult for the molecular dynamics simulation even by today's computer [12] , is easier for this model. In the present calculation, we impose the constraint q ¼ q ¼ q ! ¼ q " in order to reproduce the situation where all the corresponding structures presumably emerge as observed by the full atomic simulation. We also set s ¼ 1, which does not qualitatively affect the calculation result. Using the Wang-Landau method [18] , we calculate the density of states nðE; S; fn a gÞ ¼ X n a is the structure order parameter of the structure a defined by
where N is the number of amino-acid residues. In the next section, nðE; S; fn a gÞ is used for calculating the probability of an equilibrium state with fn a g where the bracket hÁ Á Ái denotes the ensemble average.
Result and Discussion
We attempt to reproduce the ID state in which the structures observed in the full atomic simulation, namely, all the structures in Figs. 2(a)-2(d) , emerge. For this purpose, we systematically determine a phase diagram in the model parameter space consisting of T and fq a g. Notice that the phase does not strictly follow the conventional definition of a phase in the thermodynamic limit because the ID region is a finite size system. The folding temperature is defined by the peak temperature of the specific heat C $ hE 2 i À hEi 2 . Furthermore we classify the folding temperature by the appreciably-formed structure at the folding temperature in order to obtain the structural information of each phase. The folding temperature T a of the structure a is the folding temperature satisfying the additional condition Àdhn a i=dT > 0. We note that two or more conditions in these conditions are satisfied at the folding temperatures when two or more structures concurrently nucleate from different parts of the ID region. In this case, this folding transition is a spin glass transition below which the structure is not uniquely determined [4, 22, 23] . This spin glass transition is conjecturally related to a glass transition [24] [25] [26] [27] . In convenience, we simply call this folding transition ''glass transition.'' Figure 3 shows the folding temperatures, T , T , T ! , and T " . The state above the temperatures is specified as an unfolded state. Below the folding temperatures T , T , T ! , and T " , the structure , , !, and ", respectively, are stabilized. For small q=q , the short ID region undergoes a folding transition from the unfolded state to the state with the structure. This is due to no or small frustration for q ( q , where the interaction of the structure dominates. For large q=q , it undergoes a glass transition from the unfolded state into a hybrid structure in the structures , !, and ". In the hybrid state, these structures concurrently and partially emerge. As a result, non-memorized patchwork structures form on the whole of the ID region. This result reflects the frustration between the interactions promoting folding into these structures. Namely, all the interactions competitively antagonize each other and cannot determine the structure. For intermediate q=q , a mixed state emerges between the state with the structure and the state with the hybrid structure. In this case, each of the two states is expected to emerge at a certain rate.
The remarkable observation in the phase diagram is the low folding temperature for the intermediate q=q around the star symbol (?) in Fig. 3 . Since the temperature at the star symbol is higher than the folding temperature, the structural fluctuation there is expected to be large. Furthermore all the structures, , , !, and " are expected presumably to form there because the temperature is close to the folding temperature. We expect that this state corresponds to the ID state. In order to confirm the above expectation, we investigate the free energy as a function of the structure order parameters, F ð n a f gÞ ¼ Àk B T log Pðfn a gÞ: ð3:1Þ
We show F ðfn a gÞ projected onto two-dimensional planes in the structure order parameter space in Figs. 4(a)-4(c) .
Here we consider k B T=q ¼ 0:39 (> k B T f =q ¼ 0:36) and q=q ¼ 1, which correspond to the point indicated by the star symbol in Fig. 3 . In the calculation, we perform the partial integration of Pðfn a gÞ with respect to the order The density plot of the free energy as a function of (n , n ), (b) that as a function of (n , n ! ), and (c) that as a function of (n , n " ) at k B T=q ¼ 0:39 for q=q ¼ 1. The free energy decreases as the color becomes darker. Thus the colors of a stable structure and a metastable structure are darker than those of their neighboring regions. These data are calculated for the short ID region of NRSF/REST with N ¼ 15.
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MATSUSHITA and KIKUCHI parameters out of the two-dimensional plane. The local minima of the free energy corresponding to the structures , , !, and " are observed as follows: the minimum corresponding to the structure lies at ðn ; n Þ ¼ ð1; 0Þ in Fig. 4(a) , at ðn ; n ! Þ ¼ ð1; 0Þ in Fig. 4(b) , and at ðn ; n " Þ ¼ ð1; 0Þ in Fig. 4(c) . The minimum corresponding to the structure lies at ðn ; n Þ ¼ ð0; 1Þ in Fig. 4(a) . The minimum corresponding to the structure ! lies at ðn ; n ! Þ ¼ ð0; 1Þ in Fig. 4(b) . The minimum corresponding to the structure " lies at ðn ; n " Þ ¼ ð0; 1Þ in Fig. 4(c) . The global minimum lies at ðn ; n Þ ¼ ð0:1; 0:1Þ in Fig. 4(a) , at ðn ; n ! Þ ¼ ð0:1; 0:1Þ in Fig. 4(b) , and at ðn ; n " Þ ¼ ð0:1; 0:5Þ in Fig. 4(c) . The appearances of these minima indicate that the structures , , !, and " form in this state. Namely, this state reproduces the structures observed in the full atomic simulation. To change the structure, the short ID region should overcome free energy barriers between these structures. The typical free energy barrier, and hence the raggedness of the free energy landscape, is a few k B T.
Conclusion
In the present paper, we examined the flatness of the free energy landscape of the short ID region. We showed that the free energy landscape has the free energy barriers which are a few k B T. The free energy scale of this barrier is comparable to the typical free energy barrier of a protein folding, if we identify T as a physiological temperature. Therefore the life time of each structure in the ID state is also comparable to that of a folded protein. From this result, within our assumption, the structures have appreciable life times and are expected to be observed in an experiment with the nuclear magnetic resonance method. The experiment carried out so far indicates the absence of metastable structures [11] . Thus our results seems not to express the experimental situation. In conclusion, we expected that the free energy landscape is rugged even in the short region if we assumed that the structures sampled in the full atomic simulation [12] are stable structures.
What is the origin of the failure in the reproduction of the experimental situation? In our discussion, we assumed that the structures sampled in the full atomic simulation are rigid and do not fluctuate. This assumption is reflected in absence of conformational entropy of these structures in our model. Thus, each of these structures makes a local free energy minimum with the depth of the scale of the physiological temperature and is thermodynamically stabilized. We consider that this thermodynamic stability is the essential reason of the failure. We anticipate that a designed model employing those structures sampled in the full atomic simulation as a fluctuating state will reproduce the experimental result. In fact, a model considering the conformational entropy brings about absence of the free energy barrier and thereby induces a fluctuating state in the ID region [28] .
From above discussion we should quantify the instability of low energy structures in order to construct the model for the ID state. The quantification is realized by the measurement of the entropy related to the low energy structures sampled in the full atomic simulation [12] . The development of this measurement method is now an important issue and will be achieved on the basis of an information theoretic framework in the future.
